Experimental and Analytical Study of the Pressure Drop Across a Double-Outlet Vortex Chamber
Introduction
Swirling flows occur in many engineering applications, such as vortex separators, pumps, gas turbine combustors, furnaces, spray dryers, vortex combustors, and gas-core nuclear rockets. In modern combustors, swirl is used to produce good mixing and to improve the flame stability. In furnaces and incinerators, swirl keeps the solid fuel in suspension, increases its residence time, and compels even the most difficult ͑low calorific value͒ fuel to burn completely. In all confined vortex applications, it is important to adequately understand the overall flow field evolution as a function of both the geometrical and flow parameters. Knowledge of these flows will improve the design and performance of a variety of vortex devices.
Two interesting features of the flow of practical importance are the pressure drop of the fluid as it flows through the chamber and the dimensions of the viscous core region. The pressure drop across a vortex chamber with a single-outlet has been the subject of several papers. Shakespear and Levy ͓1͔ reported on experimental findings with respect to the pressure drop and the core size in a vortex chamber with a rotating permeable inlet assuming a potential flow. Vyas and Majdalani ͓2͔ have shown analytically that the pressure drop and the core size are a function of the aspect ratio and Reynolds number. Yang ͓3͔ has studied the vortex throttles, and has found that the pressure drop across the vortex throttles occurs through the axial throttling port by the dissipation of the high tangential velocity. Escudier et al. ͓4͔ demonstrated experimentally the axial and swirl velocity distributions using LDA measurements. The experiments revealed a remarkable change in the vortex core structure as the exit diameter hole is reduced. Kreith and Sonju ͓5͔ studied the decay of swirl in a long pipe. The swirl was induced by tangential jets along the periphery of the pipe. The experiments indicated that the vortex decay increases as the Reynolds number decreases. Osami ͓6͔ has shown experimentally that the swirl intensity decays downstream as a result of wall friction, and that the core size is dependent upon the upstream conditions. Steenbergen and Voskamp ͓7͔ have shown that the vortex decay appears to vary with the Reynolds number in the same way as the friction factor in a pipe flow. The core size structure inside a vortex chamber has a wavy variation; see Darmofal et al. ͓8͔. Meanwhile, the core structure based on the laser doppler anemometry ͑LDA͒ measurements of Escudier ͓9͔ confirm that the variations are very small. In addition, the experimental visualization results of Lam ͓10͔ and Alekseenko et al. ͓11͔ showed that the core of the vortex remains approximately the same throughout the chamber, and the amplitude of the oscillations was found to be small in comparison with the size of the vortex core.
Previous literature dealt with a chamber with a single outlet port, but some of the important industrial vortex devices deal with double-outlet ports, such as the dust separator, the vortex pump, and the cyclone which is used in the fluid catalytic cracking ͑FCC͒ unit. Good understanding of the pressure drop leads to an improvemant of the cyclone efficiency and minimizes the pollutions like SOX, NOX, and particulate emissions. Also, the doubleoutlet configuration is used in the heat exchanger to enhance the heat transfer in vortex tubes, where the air flow splits into two parts-cold air at one end and hot air at the other.
The experimental and analytical work by Vatistas and Sakaris ͓12͔ dealt with a double-outlet chamber configuration. The analytical model gives satisfactory results for very high Reynolds number and an aspect ratio equal to one, while it is inadequate for low Reynolds numbers and an aspect ratio of greater than one.
The purpose of this paper is to study the pressure drop and the core size both experimentally and analytically in double-outlet chambers at different lengths, exit holes, and Reynolds numbers. The experimental results will be shown to correlate well with the theortical findings.
Experiments
The present experiments have been conducted using a jetdriven vortex chamber similar to the one utilized by Vatistas et al.
͓13͔.
The main difference between the two is that in the latest version, shown schematically in Fig. 1 , two vortex chambers made of Plexiglas with two lengths ͑L 1 , L 2 ͒ are used. They have a cylindrical configuration with constant cross-sectional area ͑A o = 153.86 cm 2 ͒, and the two axes of the chambers are horizontal with respect to the ground. Swirl is imparted to the fluid via the vortex generator shown in Fig. 2 . It has four perpendicular air inlets where the compressed air is introduced. The required set of inlet conditions is obtained by the insertion of the appropriate vortex generator block ͑swirler͒ into the vortex generator assembly along the periphery of the vortex generator ͑the vortex generator was made from aluminum and mounted between the two chambers͒. A number of inclined inlet holes ͑16 holes͒ with inlet diameter d in = 1.267 cm are drilled at a specified angle = 30 deg. When the air flow passes through the swirler holes, it is guided and enters both vortex chambers in the tangential ͑V in ͒ and radial ͑V rin ͒ directions so that swirl is formed inside the chambers. For the experiments reported here, the first chamber length was fixed at L 1 = 42 cm, and its exit hole diameter was fixed at 2R e1 = 1.879 cm. Three lengths were used for the second chamber, and they were varied from L 2 = 42, 61, and 122 cm. Their exit hole diameters ͑2R e2 ͒ were also varied from 1.879, 1.976, 2.164, 2.413, 2.649, 2.794 and 3.175 cm. The static pressure is measured by a series of taps located ahead of the tangential ports ͑see Fig. 2͒ and is averaged by connecting in parallel all the pressure pick-up tubes into a common tube. The measurements of the mean gauge pressure ͑P in − P a ͒ were obtained using a U-tube filled with Meriam oil, having a specific gravity equal to 1.00. The estimated uncertainty is less than ±8% for the pressure drop measurements. The measurements were made at three inlet air flow rates ͑Q in ͒: 0.0117, 0.014, and 0.0187 m 3 / s, which correspond to three Reynolds numbers ͑R eo ͒: 7245, 8694, and 11,592, respectivelly. This is defined based on the average axial velocity as
A rotameter is used to measure the volumetric flow rate of the inlet air. This was carefully calibrated in standard conditions ͑1 atmosphere and 20± 0.5%°C͒. For the flow rate used, the uncertainty was estimated to be ±2%.
Analysis
The energy equation is considered for strong swirl, steady, constant viscosity, axisymmetric, and incompressible flow. In order to simplify the problem several assumptions are made. These are: The pressure and the total velocity at the inlet are both uniform; the radial velocity at the exit is neglected since it does not have the space to develop; and at the double-outlet exit the pressure is ambient. The energy balance over the control volume enclosing the chambers yields
The swirl velocities at the vortex chamber exits ͑shown in Fig. 3͒ are based on the free vortex model and given by
⌫ is the vortex circulation and is given by
and the inlet tangential velocity ͑shown in Fig. 4͒ is defined as
The bulk of the energy loss is assumed to occur across the vortex chamber and it is mainly associated with the decay of the swirl velocity. The vortex decay factors ␦ 1 and ␦ 2 defined here are similar to Jawarneh et al. ͓14͔ as
where the vortex strength at the inlet is given by 
Average axial velocities are assumed at the exit ports of the chamber ͑see Fig. 3͒ and are given by
From the continuity equation
where
Energy Eq. ͑1͒ becomes
If the dimensionless parameters are defined as follows:
where C p is the pressure drop coefficient. The rest of the parameters ⌬P,␤,␣, 1 , 2 , 1 , 2 are the static pressure difference between the inlet and outlet pressure, aspect ratio, area ratio, the dimensionless core size at exit ͑1͒, the dimensionless core size at exit ͑2͒, the diameter ratio at exit ͑1͒, and the diameter ratio at exit ͑2͒, respectively. Then the energy ͑Eq. ͑2͒͒ becomes
͑3͒
Since ␥ 2 =1−␥ 1 at given design geometry parameters ͑ 1 , 2 , , ␣ , ␤͒, then
There are five unknown variables, so five equations are required. The first equation comes from the comparability of the pressure.
Since the two chambers share the same inlet static pressure, and the outlet pressure for both chambers is ambient, then
reveals that C p is unbounded when 1 and 2 tend to zero or one, therefore, there must exist 0 Ͻ 1 Ͻ 1 and 0 Ͻ 2 Ͻ 1 such that C p is the minimum. The latter required that
where a 1 , b 1 , a 2 , b 2 are defined as
Based on the experimental results of C p , the least squares technique error will be implemented according to the formula
where N is the total number of measurements, C p exp is the measured pressure drop coefficient, and C p theor is the theortical pressure drop coefficient as given in Eq. ͑3͒. The necessary last equation to close the system comes from the fact that the chamber length L 1 was kept constant, while the vortex decay factor ␦ 1 has to remain constant at a given Reynolds number. In this case the solution to the set of Eqs. ͑5͒-͑8͒ begins at the aspect ratio ␤ = 1.00 ͑L 1 = L 2 ͒, where the vortex decay factor ␦ 1 is equal to ␦ 2 . Then the pressure drop coefficient is a function of four parameters
The last equation is solvable since it has four variables with four equations. Now, if the aspect ratio ␤͑L 1 Ͻ L 2 ͒ is increased while keeping the same Reynolds number, the vortex decay factor ␦ 1 is known from the previous step, and the pressure drop coefficient is given by
The last equation is solvable since there are four unknowns and four equations.
Discussion of Results
The present model has two limiting factors: ͑i͒ For low contraction ratios ͑i.e., 2 Ͻ 4.0͒, the intense swirl condition is reduced resulting in more than 8% error; and ͑ii͒ for high contraction ratios ͑i.e., 2 Ͼ 7.5͒, the compressibility effects are evident ͑see Jawarneh et al. ͓14͔͒.
In this study, the flow is dominated by an intense confined vortex where the tangential velocity is several orders of magnitude larger than the radial and axial velocity components. So, there is a strong centrifugal force which decays with the length, thus shaping the development of the overall flow-field. Some of the kinetic energy is dissipated as thermal energy by the viscous action due to friction at the toroidal recirculation flow area and the contraction joint ͑the exit hole͒. The head losses do not appear as explicit in the energy equation as the pipe flow. It can be taken into account if the detailed flow field inside the chamber is known. Since the latter is presently not available, an attempt will be made here to include it through the reduction of the swirl kinetic energy. It is implicitly included through the vortex decay factor, which represents the bulk of the energy loss across the vortex chamber.
The estimated uncertainty for the pressure drop coefficient C p has appeared at a maximum of ±8%. Figures 5 and 6 compare the present experimental data with the present theory of the pressure drop coefficient C p for aspect ratios ␤ = 1.00 and 1.45. The error between the experiment and the present theory is found to be less than 8%. It is clear that as the diameter ratio 2 and the Reynolds number R eo increase, the pressure coefficient C p rises. Stronger vortices are created by a higher diameter ratio and/or Reynolds number leading to a rise in tangential velocity and hence a higher pressure drop. In the case where the Reynolds number is increased, the total inlet velocity V in , the inlet tangential velocity V in , and the circulation ⌫ will increased; hence, the vortex strength will be stronger and, therefore, a higher pressure drop will result. The vortex decay factors ␦ 1 , ␦ 2 are directly related to the Reynolds number R eo , so the inertia effects dominate the viscous effects leading to a strong generated vortex with higher tangential velocity and a greater pressure drop. For aspect ratio ␤ = 1.00, the vortex decay factors ␦ 1 , ␦ 2 are equal for the same Reynolds number. This means the tangential velocities start to decay at the same rate for equal chamber lengths. However, for the aspect ratio ␤ = 1.45 shown in Fig. 6 , the vortex decay factor ␦ 1 is higher than ␦ 2 as expected because the tangential velocity decay rate in the longer chamber is greater than the shorter one due to friction. The experiments and the theortical model of Jawarneh et al. ͓14͔ were constructed for a chamber with a single outlet. The comparison between single-outlet and double-outlet chambers is shown in Fig. 5 . As expected, the pressure drop coefficient for a single-outlet is higher than that of a double-outlet chamber because the flow is diverted to two outlets, thus reducing the vortex strength and the pressure drop.
The behavior of the vortex dimensionless core sizes 1 , 2 for aspect ratio ␤ = 1.00 are shown in Fig. 7 . Both cores are equal for the same diameter ratio 1 = 2 = 7.448 and increase as the diameter ratio 2 decreases. Since the diameter ratio 1 was kept constant, the expansion rate of 1 is higher than that of 2 . Therefore, the dimensionless core size 1 will have to expand in size more than 2 in order to achieve the mass conservation principle which leads to an increase in axial velocity. A greater Reynolds number leads to larger core sizes ͑ 1 , 2 ͒ as shown in Fig. 7 . Figure 8 shows the exit volumetric fractions ␥ 1 , ␥ 2 for two aspect ratios ͑␤ = 1.00, 1.45͒. Volumetric fractions clearly show a strong dependence with the aspect and diameter ratios, while the Reynolds number is independent.
The observations show that the pressure drop decreases with the length. The pressure drop across the vortex chamber differs from that in the pipe flow, due to the mechanism of swirl flow. It depends mainly on the intensity of the tangential velocity. If the chamber length is increased, the vortex decay factor decreases, lowering the tangential velocity, producing a weaker vortex at the exit plane for longer chambers, which leads to less pressure drop.
The pressure drop coefficient for various aspect ratios ␤ is given in Fig. 9 . It shows a decrease in the pressure drop with increasing length. This appears to be counterintuitive since one habitually expects the pressure drop to be larger for longer lengths. However, a closer examination reveals that in addition to the radial-axial plane flow, there is also a substantial centrifugal force which decays with the length, thus shaping the development of the overall flow-field. The pressure drop across the vortex chamber differs from that in the pipe flow due to the nature of swirl flow. It depends mainly on the intensity of the tangential velocity. Longer chamber lengths lead to a reduction of the vortex decay factor, thus producing a weaker vortex and a smaller pressure drop. Figure 10 shows the core sizes for different aspect ratios ͑␤ = 1.00, 1.45, 2.90͒ at a specific Reynolds number ͑R eo = 11, 592͒. As the diameter ratio increases, the core size ͑the radius of peak tangential velocity profile͒ contracts. The vortex strength inside the forced-vortex region is focused and the free-vortex region is expanded. When the dimensionless core size 1 contracts, the exit volumetric fraction ␥ 1 increases as shown in Fig. 11 . The effective outlet area ͑the area between the wall and the core size͒ at the exit ͑1͒ expands, leading into an increased axial velocity ͑to compensate for the increase of the effective outlet area͒. While the dimensionless core size 2 reduces, the exit volumetric fraction ␥ 2 decreases as seen from Fig. 11 , causing the effective outlet area at exit ͑2͒ to contract and, in order to conserve the mass, causes an increase in the axial velocity at exit ͑2͒.
When the aspect ratio is increased the dimensionless core size 1 expands and 2 contracts. Similarly, the exit volumetric fraction ␥ 1 increases and ␥ 2 decreases. The effective outlet area at exit ͑1͒ shrinks while the other exit enlarges. The overall result is a reduction in axial velocity at both exits. The present study explored the effects of vortex chamber geometry with a double-outlet. It has been found that higher Reynolds numbers cause the core sizes to expand and will increase the pressure drop. Larger diameter ratios made the core sizes smaller and also increased the pressure. A stronger vortex will be produced by increasing the diameter ratio and/or Reynolds number, resulting in a higher tangential velocity and hence a higher pressure difference. On the other hand, the pressure drop decreased with the aspect ratio. The exit volumetric fractions are shown to be independent of the Reynolds number; meanwhile, they are strongly dependent on the aspect and the diameter ratios.
Nomenclature
A o ϭ cross sectional area of the vortex chamber ͑R o 2 ͒ A in ϭ total inlet area ͑nr in 2 ͒ C p ϭ pressure coefficient ͑2⌬P / V in 2 ͒ D e ϭ diameter of the exit port ͑2R e ͒ D o ϭ chamber diameter ͑2R o ͒ d in ϭ diameter of the inlet port ͑2r in ͒ L 1,2 ϭ chamber lengths n ϭ numbers of the inlet holes P ϭ static pressure P a ϭ ambient static pressure P in ϭ static pressure at the inlet Q in ϭ inlet volumetric flow rate Q 1 ϭ outlet volumetric flow rate at exit ͑1͒ Q 2 ϭ outlet volumetric flow rate at exit ͑2͒ r , , z ϭ radial, tangential, and axial coordinate, respectively R c1 ϭ core radius at exit ͑1͒ R c2 ϭ core radius at exit ͑2͒ R e1 ϭ radius of exit port ͑1͒ R e2 ϭ radius of exit port ͑2͒ R eo ϭ Reynolds number ͑R eo =4Q in / D o ͒ R o ϭ radius of the chamber V z1 ϭ axial velocity component at exit ͑1͒ V z2 ϭ axial velocity component at exit ͑2͒ V in ϭ total average velocity vector through the inlets V rin ϭ inlet radial velocity component V in ϭ inlet tangential velocity component
Greek Symbols
␣ ϭ area ratio ͑A in / A o ͒ ␥ 1 ϭ volumetric fraction at exit ͑1͒ ␥ 2 ϭ volumetric fraction at exit ͑2͒ ⌫ ϭ vortex circulation ⌬P ϭ static pressure difference ͑P in − P a ͒ ␦ 1 ϭ vortex decay factor for chamber ͑1͒ ␦ 2 ϭ vortex decay factor for chamber ͑2͒ ⍀ in ϭ vortex strength at the inlet ͑⌫ /2͒ ⍀ 1 ϭ vortex strength at exit ͑1͒ ͑␦ 1 ⌫ /2͒ ⍀ 2 ϭ vortex strength at exit ͑2͒ ͑␦ 2 ⌫ /2͒ ϭ kinematics viscosity ϭ density of the fluid ϭ angle between the total velocity vector and the tangential velocity component at the inlet ͑inlet angle͒ 1 ϭ dimensionless core size at exit ͑1͒ ͑R c1 / R e1 ͒ 2 ϭ dimensionless core size at exit ͑2͒ ͑R c2 / R e2 ͒ ␤ ϭ aspect ratio ͑L 2 / L 1 ͒ 1 ϭ diameter ratio ͑R o / R e1 ͒ 2 ϭ diameter ratio ͑R o / R e2 ͒
